Thiosulfate-oxidizing enzyme has been demonstrated in cell-free extracts of the marine, thiosulfate-oxidizing pseudomonad strain 16B. The enzyme, partially purified by ion-exchange chromatography and calcium phosphate gel treatment, catalyzed the oxidation of thiosulfate to tetrathionate with the concomitant reduction of ferricyanide. Native but not mammalian cytochrome c was also reduced by the enzyme in the presence of thiosulfate. The enzyme was located exclusively in the supernatant of ultracentrifuged cell extracts. The most purified enzyme preparation, like intact cells, exhibited a temperature optimum of 30 to 31°C. However, it exhibited no definite pH optimum. At pH 6.1 to 6.3 and 30°C, the Km for thiosulfate was 1.57 mM. At lower temperatures, the apparent Km for thiosulfate increased, but the apparent maximum velocity remained virtually unchanged. Thiosulfate oxidation in intact cells exhibited an increase in the pH optimum at lower temperatures. The thiosulfate-oxidizing enzyme of marine heterotroph 16B is compared with thiosulfate-oxidizing enzymes from other bacteria, and the effect of temperature on the relationship between pH and thiosulfate oxidation is discussed with reference to the natural habitat of the bacterium.
Thiosulfate-oxidizing enzyme (TSO) catalyzes the oxidation of thiosulfate to tetrathionate. This enzyme is common in the thiobacilli (7, 8, 10, 16) and has also been demonstrated in extracts of Chromatium sp. strain D (11) . TSO in the thiobacilli is believed to function as the initial enzyme of an alternate pathway for thiosulfate oxidation (9, 17) . The physiological importance of this so-called polythionate pathway is not clear, but TSO in Thiobacillus thioparus has been suggested to play a role in energy generation at high concentrations of thiosulfate (7) .
In addition to chemolithotrophs and photolithotrophs, certain heterotrophic bacteria have long been known to oxidize inorganic sulfur compounds, thiosulfate in particular (12, 14) . In fact, the heterotrophs may be more important than chemolithotrophs in the oxidative turnover of inorganic sulfur in soils (13, 27, 28) . Thiosulfate-oxidizing heterotrophs have also been found in freshwater (19, 26) marine habitats (22, 23, 25) . These bacteria likely represent several genera and species, but all oxidize thiosulfate to polythionates (12, 18, 22, 23) . The physiological role of TSO in the soil isolates is still unclear, but the oxidation of thiosulfate to tetrathionate by some marine heterotrophs, including strain 16B, substantially increases their growth rate in media containing organic carbon (21) . The generation of ATP during thiosulfate oxidation as well as increased incorporation and decreased respiration of organic carbon by cell suspensions of strain 16B has recently been suggested to account for the observed growth rate stimulation (20) .
Little is known about the mechanism of thiosulfate oxidation in heterotrophic bacteria. Except for the demonstration of TSO activity in crude extracts of soil heterotroph A-50 (18), cellfree TSO has remained uninvestigated in these microorganisms. Thiosulfate oxidation in intact cells of strain 16B occurs most rapidly at pH 6.0 to 6.5 and 32 to 37°C (19) , whereas the pH (7.7) and temperature (9°C) of the environment from which the bacterium was isolated are considerably different (1) . In this communication, we report the isolation and partial purification of TSO from marine heterotroph 16B and the results of experiments to investigate pH and tem-perature effects on thiosulfate oxidation by intact cells and cell-free extracts.
MATERIALS AND METHODS Bacteria, media, and culture conditions. Marine heterotroph 16B was originally isolated from the oxygensulfide interface of the Black Sea (22) and has been maintained by monthly transfer on TB medium (22) prepared with two-thirds-strength aged seawater or filtered (0.45-,um membrane) freshwater from Lake Arlington (Arlington, Tex.) supplemented with 2% (wt/vol) NaCl. TSO is a constitutive enzyme in strain 16B (21) . Other details of the aerobic and anaerobic metabolism of this bacterium have been discussed elsewhere (19) (20) (21) (22) (23) (24) (25) .
Cells were cultured at 22 ± 2°C in 18 liters of filtersterilized (0.2->m membrane) 5 mM thiosulfate-6 mM sodium lactate medium (24) adjusted to pH 7.0 with 2 N NaOH and contained in a 20-liter glass carboy. Inocula (2.5%, vol/vol) consisted of 30-h cultures grown aerobically at 22 ± 2°C in the same medium. The mass cultures were mixed with a magnetic stirrer and aerated with sterile air passed through a gas dispersion tube.
After incubation for 30 to 37 h, the cultures (final pH 7.5) were harvested with a continuous-flow centrifuge apparatus (KSB; Dupont-Sorvall Instruments, Inc.) operated at 25,000 x g and 5°C. The cultures were continuously aerated throughout the 2.5-to 3-h harvesting procedure. Packed cells were transferred from the continuous-flow centrifuge tubes into 250-ml bottles and washed twice by resuspending them in 250 ml of cold (4°C) 0.1 M sodium phosphate-2% (wt/vol) NaCl buffer (pH 7.5), followed by centrifugation at 10,000 x g for 20 min at 4°C. Washed cells for cell-free studies were taken up in 1 to 3 ml of the phosphateNaCl buffer and stored at -20°C until used. Preparation of cell extracts. Frozen cell packs were thawed and brought to 10-ml volume with phosphateNaCl buffer, and the mixture was passed once through a chilled French pressure cell (American Instrument Co.) operated at 20,000 lb/in2. The extract was stirred at 22 ± 2°C with a few grains of DNase I (Sigma Chemical Co.) and then centrifuged for 30 min at 10,000 x g and 4°C to remove unbroken cells and debris. The supernatant, hereafter referred to as fraction SI, was used as a crude extract for some experiments or further purified as outlined below.
Purification procedure. Fraction SI was treated according to a modification of the procedure used to purify TSO from T. thioparus (7) . SI was centrifuged for 1 h at 155,000 x g and 4°C with a Beckman L565 ultracentrifuge equipped with an SWTi rotor (Beckman Instruments). The pellet was resuspended in 0.5 M sodium phosphate, assayed for TSO activity as described below, and subsequently discarded. Sevento 15-ml portions (101 to 422 mg of protein) of the ultracentrifuge supernatant, fraction SII, were layered onto a Plexiglas column (30 cm long by 2.5-cm diameter) packed with DEAE-Sephadex-A25 (Pharmacia Fine Chemicals, Inc.) equilibrated in 0.05 M sodium phosphate buffer (pH 7.5) at 4°C. Proteins were eluted from the column by a stepwise gradient of 0.05 to 0.25 M sodium phosphate buffer, pH 7.5. Eluant volumes were 50 ml. At each step of the gradient, buffer was removed from the top of the gel before more concentrated buffer was added. Fractions, 5 ml, were collected with a Buchler Fractomette 200 fraction collector (Buchler Instruments). Protein content of the fractions was estimated by measuring absorbance at 280 nm with a Beckman 25 split-beam spectrophotometer (Beckman Instruments). All 280-nm absorbance peaks were analyzed for TSO activity as described below.
Fractions containing a high specific activity were pooled for further purification. The pooled material is hereafter referred to as DEAE eluate. A portion of the protein in the DEAE eluate was precipitated by decreasing the pH to 4.0, stirring slowly for 20 min at 4°C, and readjusting the pH to 7.5. Precipitated protein was removed by centrifugation of the mixture for 20 min at 20,000 x g and 4°C. The resultant supernatant, fraction SIII, was stirred for 20 min in an ice bath with calcium phosphate gel (15% solids; Sigma Chemical Co.) in a ratio of 1 mg of protein per 5 to 10 mg of gel. The gel was then removed from the mixture by centrifugation for 20 min at 20,000 x g and 4°C, and the supernatant, fraction SIV, was retained as the highest purified TSO preparation.
Determination of TSO activity. Thiosulfate oxidation was measured by spectrophotometric determination of the decreasje in potassium ferricyanide absorbance_at 420 nm with a Beckman 25 split-beam spectrophotometer or with a Beckman DU spectrophotometer fitted with a constant-temperature block and recorder. Unless indicated otherwise, complete reaction mixtures (3.0-ml total volume) contained 25 ,umol of NaH2PO4, 25 tmol of Na2HPO4, 1 Purification. TSO activity could not be detected in the ultracentrifuge pellet but was retained in SII ( Table 1 ), indicating that the enzyme is soluble. TSO activity was eluted from a DEAE column with the starting buffer and was detected as a band which corresponded with the first protein peak (Fig. 1) . In five different purifications, TSO activity was always restricted to the first protein band (fractions 11 to 24). The data indicate that TSO did not absorb to the column. The enzyme (SIV) was routinely purified from 14-to 18-fold, with recoveries from 16 to 58%. Additional recovery of enzyme activity in fraction SIV was obtained by resuspending the centrifuged calcium phosphate gel in 10 ml of 0.1 M sodium phosphate buffer (pH 7.5), followed by centrifugation at 10,000 x g and 4°C for 20 min. The resulting supernatant had a specific activity similar to that of the original SIV and was pooled with this fraction.
The results of polyacrylamide gel electrophoresis revealed a substantial decrease in the number of protein bands in fractions SIII and SIV Ferricyanide inhibited TSO at concentrations of >2 mM (Fig. 3) ferricyanide. In view of the inhibitory effect of ferricyanide which prohibited its use at saturating concentrations (see below), we attempted to couple thiosulfate oxidation to the reduction of 2,6-dichlorophenolindophenol through the intermediate electron carrier phenazine methosulfate, but 2,6-dichlorophenolindophenol was rapidly reduced in the absence of enzyme. Michaelis constants were calculated from secondary double-reciprocal plots of apparent maximum velocities determined by varying concentrations of one substrate with the second substrate held constant (Fig. 4a and b) . The estimated Km values were 1.6 and 11.1 mM for thiosulfate and ferricyanide, respectively.
Effect of pH and temperature. Unlike in intact cells (Fig. 5) , TSO activity in fraction SIV did not exhibit a definite pH optimum. Rather, activity measured at 30°C increased as the pH was decreased to 5.0, below which thiosulfate is unstable. This difference appears to be related to the use of ferricyanide as an electron acceptor. All cell-free TSO examined so far exhibited maximum activity at pH 5 or below when assayed with ferricyanide (7, 10, 11, 16, 18) , whereas the pH optima of TSO activity measured with cytochrome c (7) or polarographically (18) were in the range of pH 6.0 to 6.8.
When SIV TSO activity was measured at pH 6.25 in reaction mixtures containing 7.3 mM thiosulfate and 2.0 mM ferricyanide over a temperature range of 10 to 40°C, the reaction velocity increased almost linearly up to 31°C but remained constant at higher temperatures up to 40°C. This is in agreement with the temperature optimum for TSO activity in intact cells (19) . At 10°C, the rate of thiosulfate oxidation was about 60% of the rate at 28°C, the optimum growth temperature of the bacterium (22) .
The finding of substantial cell-free TSO activity at low temperature led to further investigation of the effect of the relationship of temperature and pH on TSO. The effect of temperature on TSO activity of SIV protein was examined kinetically at constant pH (Table 2 ; Fig. 6 ). The apparent Km for thiosulfate increased about sixfold as the temperature was decreased from 30 to 100C (Table 2 ). However, the apparent maximum velocity, i.e., the potential reaction rate which could be attained if ferricyanide were not limiting, remained virtually unchanged with decreasing temperature. This unusual result suggests that decreases in enzyme activity with decreasing temperature could be reversed by increasing the thiosulfate concentration. Such a conclusion should be viewed with caution, however, because reaction rates approaching kinetically derived Vmax values could not be reached experimentally due to ferricyanide inhibition as discussed above and because ferricyanide is not the native electron acceptor for thiosulfate oxidation. Measurable reaction rates at 100C were again about 60% of the rates at 30°C. In contrast to cell-free extracts, maximum rates of thiosulfate oxidation by intact cells measured at temperatures of 10, 20, and 30°C exhibited a Qio of approximately 2 (Fig. 5) . However, the pH optimum shifted to higher values at lower temperatures, and the loss of activity at pH higher than optimum was decreased. (18), the present investigation is the only report of cell-free TSO from a heterotrophic bacterium. Therefore, a comparison of properties of TSO from strain 16B with properties of TSO enzymes from other bacteria is of interest.
Purification of 16B TSO (14-to 18-fold) was much lower than purifications of 152-, 250-, and 100-fold reported for TSO from T. thioparus (7), T. ferrooxidans (10) , and Chromatium sp. strain D (11), respectively. Almost identical procedures were used to purify the enzymes from 16B and T. thioparus. The large difference in obtainable enzyme purity, the inability of 16B TSO to couple to mammalian cytochrome c, and the observation that 16B TSO was not retained by a DEAE column in the same buffer regime (0.05 M phosphate) in which T. thioparus TSO was adsorbed (7) Previously reported Km values for thiosulfate, all based upon the ferricyanide assay system, range from a low value of 100 ,uM for T. thioparus enzyme at pH 6.0 (7) to a high of 1.5 mM for Chromatium sp. strain D enzyme (11) . The thiosulfate Km found for fraction SIV TSO (1.6 mM) is comparable to this range and to thiosulfate oxidation by intact cells (19) . However, all of the values determined with cell extracts may be erroneously high due to the use of ferricyanide as an artificial electron acceptor. Further kinetic studies need to be done with more highly purified TSO from 16B and with the native cytochrome c as the electron acceptor.
The ability of thiosulfate to stimulate the growth rate of marine heterotroph 16B in pHcontrolled batch cultures at 24 ± 2°C is greatest at pH 6.5, but diminishes as the pH is increased to 8.0 (21) . These results correlate well with the pH optimum for thiosulfate oxidation in intact cells (21) and with the sparing effect of thiosulfate oxidation on organic carbon utilization (20) , both of which were determined at 259C. However, strain 16B was originally isolated from the oxygen-sulfide interface of the Black Sea at 200-m depth (23) where the pH was 7.7 and the temperature was about 9°C (1) . On the basis of pH alone, it would therefore appear that thiosulfate oxidation by heterotrophic bacteria such as 16B has little significance for in situ growth, except at conditions of high concentrations of thiosulfate relative to organic carbon (20, 21) . On the other hand, the findings that the apparent maximum velocity for SIV TSO is hardly affected by temperature (Table 2 ) and that the pH optimum for thiosulfate oxidation by intact cells is shifted upward at low temperatures indicate that the ability of marine heterotrophic bacteria to oxidize thiosulfate may be more important at environmental conditions than under optimal laboratory conditions. The influence of temperature on the relationship between TSO velocity and pH is not unique. The pH optima of a variety of enzymes from poikilothermic animals have been found to increase as temperature decreases (4) . We suggest that the ability of a wide variety of heterotrophic marine bacteria to oxidize thiosulfate and perhaps other inorganic substrates, e.g., manganese, may be related to environmental stress conditions such as low temperature and low nutrient concentrations, which are characteristic of the deep-sea habitat. This possibility needs to be investigated more fully.
